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ABSTRACT Pharmacological studies have suggested that
long-term potentiation (LTP) and long-term depression
(LTD) and depotentiation, three forms of synaptic plasticity in
the hippocampus, require the activity of the phosphatase
calcineurin. At least two different isoforms of calcineurin are
found in the central nervous system. To investigate whether all
of these forms of synaptic plasticity require the same isoforms
of calcineurin, we have examined LTD, depotentiation, and
LTP in mice lacking the predominant calcineurin isoform in
the central nervous system, Aa~/~ mice. Depotentiation was
abolished completely whereas neither LTD nor LTP were
affected. These studies provide genetic evidence that the A«
isoform of calcineurin is important for the reversal of LTP in
the hippocampus and indicate that depotentiation and LTD
operate through somewhat different molecular mechanisms.

Calcineurin is a serine/threonine-protein phosphatase that is
abundantly expressed in the central nervous system, including
the hippocampus (1, 2). Because of its high affinity for the
Ca?* /calmodulin complex, calcineurin is thought to play a
critical role in synaptic plasticity (3-6). In particular, pharma-
cological studies using protein phosphatase inhibitors have
suggested that both long-term depression (LTD) and depo-
tentiation require the activation of protein phosphatases (7-9)
and together with genetic studies also have suggested that
these protein phosphatases antagonize the action of protein
kinases required for long-term potentiation (LTP) (5, 10, 11).

Calcineurin also may have a direct role in LTPs because
inhibitors of calcineurin affect the induction and expression of
LTP (12-14). Because there are at least two calcineurin
isoforms, these findings suggest that different isoforms may be
involved in LTD and LTP or that pharmacological inhibitors
produce calcineurin-independent effects that interfere with
the induction of LTD or LTP (15). To address these issues, we
examined LTD, depotentiation, and LTP in mice lacking the
predominant calcineurin isoform in the central nervous sys-
tem, Ac. We found that, in calcineurin Aa~/~ mice, depoten-
tiation was abolished completely whereas neither LTD nor
LTP were affected.

MATERIALS AND METHODS

Immunohistochemistry. To determine the localization of
calcineurin A isoforms in the central nervous system, rabbit
polyclonal antipeptide antisera to the calcineurin A« isoform
(peptide LSNSSNIQ; R2929) and to the calcineurin A iso-
form (LMTEGEDEFDG; R2948) were used to stain paraffin
sections of brain tissue from five wild-type and five mutant
mice. To identify possible additional subtle abnormalities in
the mutants, rabbit antibodies to glial fibrillary acidic protein
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(provided by L. F. Eng, Stanford University), synaptophysin
(Zymed), and synapsin 1 (Biogenesis, Sandown, NH) also were
used for immunohistochemical studies. Six-micrometer-thick
paraffin sections were stained by using immunoperoxidase
staining kits (Vector Laboratories) as described (30). In brief,
after deparaffinization and hydration, the slides were washed
in PBS (pH 7.3) and were incubated sequentially in 10%
normal goat serum in PBS, primary antibody (diluted 1:100-
1:200 in PBS), 0.03% H,0, in PBS, biotinylated anti-rabbit Ig,
and avidin biotin horseradish peroxidase complex. The sec-
tions were washed in PBS between each incubation step.
Immunoperoxidase reaction product was visualized with
3-amino-9-ethyl carbazole (Aldrich) and were fixed in formol-
acetate. The sections were counterstained with hematoxylin.
Electrophysiology. Mice were on a Blackswiss/129 hybrid
strain background. Most wild-type controls were littermates of
mutants. Considering that hippocampal LTD is age-
dependent, young mice (4 weeks old) were used in both LTD
and depotentiation experiments. The protocol of electrical
stimulation and recordings has been described (23, 24). All
experiments used age-matched controls and were performed
blind to genotype. Transverse slices of hippocampus were
rapidly prepared and maintained in an interface chamber at
28°C, where they were subfused with ACSF consisting of 124
mM NaCl, 4.4 mM KCI, 2.0 mM CacCl,, 1.0 mM MgSOy, 25 mM
NaHCO3;, 1.0 mM Na,HPO,, and 10 mM glucose. Stimulus
intensity was adjusted to produce a response of ~1 mV
amplitude, with an initial slope of ~—0.5 mV/msec. Homo-
synaptic LTD was induced by a prolonged low frequency
stimulation (1 Hz for 15 min). For LTP experiments, the field
excitatory postsynaptic potential (EPSP) was tested every 50
sec. LTP was induced by tetanic stimulation (100 Hz twice for
1 sec with a 20-sec interval at testing intensity). For post-
tetanic potentiation (PTP) experiments, the EPSP was tested
every 10 sec before and after stimulation. Paired-pulse facil-
itation (PPF) of the response at various interpulse intervals
(25-400 msec) was measured. For depotentiation experiments,
the stimulus to produce LTP was 100 Hz for 1 sec, delivered
twice with an interval of 20 sec. This was followed by a low
frequency stimulus of 5 Hz for 3 min to produce depotentia-
tion. In experiments with cyclosporin A (250 uM), slices were
pretreated for 30 min before the induction of LTD.
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RESULTS

Histological Analysis of Calcineurin Aa and AB. Cal-
cineurin is a heterodimer consisting of a catalytic (A; 61 KD)
and a regulatory (B; 19 KD) subunit. The catalytic subunit
exists as two closely related isoforms, A« and A, both of
which are expressed in the brain. Calcineurin A« is the
predominant isoform in the hippocampus, cerebral cortex,
cerebellum, and striatum (1, 2, 16). Mice with a targeted
mutation in the calcineurin Aa gene were generated by
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standard homologous recombination technique in embryonic
stem cells (16). The distribution of calcineurin A« and AB in
the brain of wild-type and mutant mice was examined immu-
nohistochemically by using calcineurin Aa- and calcineurin
AB-specific peptide antibodies (Fig. 1). Consistent with pre-
vious reports (1, 2, 17), we found that in, wild-type mice,
calcineurin Aa is highly expressed in the CA1 and CA3 regions
of the hippocampus as well as in the dentate gyrus (Fig. 1 4
and C). No calcineurin A« protein was detected in the
hippocampus of mutant mice (Fig. 1 B and D). Furthermore,

F16. 1. Immunohistochemical detection of calcineurin A« and calcineurin A in brains of wild-type and mutant calcineurin Aa knockout mice.
A-D are stained with antiserum to calcineurin A« peptide (R2929) in wild-type and mutant mice: Calcineurin A« is expressed in the hippocampus
of wild-type mice (4) and, in particular, in the CA1 region of the hippocampus (C) but not in the mutant mice (B and D). Calcineurin A [stained
with antiserum to calcineurin A peptide (R2948)] is located in hippocampal neuron nuclei and in adjacent white matter tracts. The staining intensity
is similar in wild-type [hippocampus (E) and CAl region (G)] and mutant mice [hippocampus (F) and CAl region (H)]. The amplification factor

is 11 (4, B, E, and F) or 54 (C, D, G, and H).
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no detectable difference was found in calcineurin AB expres-
sion between wild-type and mutant mice, indicating that
calcineurin A is not up-regulated during development in the
mutant mice. These findings suggest that calcineurin A« is not
expressed in mutant mice and A isoform does not compen-
sate for the lack of A« in the mutant mice. As expected, the
activity of calcineurin (i.e., okadaic acid-resistant and EGTA-
sensitive phosphatase activity) was reduced in the brain of the
mutants by >85% (18).

LTD Is Normal in Calcineurin Aa-Deficient Mice. To
determine the relative roles of calcineurin Ao and AB in
hippocampal synaptic plasticity, we studied LTD, depotentia-
tion, and LTP in the Schaffer collateral pathway in calcineurin
Aa-deficient mice. We first evaluated LTD induced by low-
frequency (1 Hz, 15 min) stimulation (19). Previous studies
have shown that pharmacological inhibitors of calcineurin
block the induction of LTD (ref. 8, but see ref. 20). To our
surprise, LTD was normal in the calcineurin Ao mutant mice.
One-hertz stimulation for 15 min produced an identical LTD
of synaptic responses in mutant mice as that in wild-type mice
(P > 0.05, not significantly different; Fig. 2a). Because it has
been reported that Ca?*/calmodulin-dependent protein ki-
nase II regulates the frequency-response function of hip-
pocampal LTD (21), we wondered whether the deletion of
calcineurin A« might cause a frequency-shift in response to
electrical stimulation. We therefore examined the effects of
delivering the same number of pulses (900) at different
frequencies (5 and 10 Hz). At both frequencies, wild-type and
mutant mice were indistinguishable (Fig. 2 ¢ and d). These
results further support the evidence that calcineurin A« is not
critical for homosynaptic LTD.

Depotentiation Is Blocked in Calcineurin Aa-Deficient
Mice. Does calcineurin Aa have a role in other forms of
synaptic depression? Both in vivo and in vitro studies demon-
strate that depotentiation is a form of synaptic depression that
is different from LTD (22). We therefore examined depoten-
tiation in calcineurin Aa wild-type and mutant mice. In
wild-type mice, theta frequency stimulation (5 Hz for 3 min)
applied 5 min after LTP induction produced long-lasting
depression of the potentiated synaptic response (Fig. 3a). The
same stimulation did not produce any significant effect on the
response in slices that did not undergo LTP. Rather, depo-
tentiation was reduced significantly in mutant mice. Theta
frequency stimulation induced only a brief depression followed
by a return toward the potentiated state (Fig. 3b). Theta
frequency stimulation alone did not induce potentiation or
depression (Fig. 2c¢). These results demonstrate that cal-
cineurin A« plays a role in homosynaptic depotentiation.

What could explain the reduction in depotentiation in the
mutant mice? One possibility is that the critical period for LTP
reversal becomes shorter as a consequence of the mutation. If
that were so, then delivering theta frequency stimulation closer
to the end of the tetanus might be more successful in reversing
LTP. To test this possibility, we delivered theta frequency
stimulation 1 min after LTP induction. Theta frequency
stimulation again failed to reverse LTP in mutant mice (n =
6; Fig. 3c) whereas it reversed LTP in wild-type mice (n = 5;
Fig. 3c). We also tested the effect of 1-Hz stimulation (15 min)
delivered 1 min after LTP induction. This stimulation induced
similar LTD in mutant and wild-type mice even after LTP (Fig.
3d), indicating that the involvement of calcineurin A« in
depotentiation is frequency- but not time-dependent.

Pharmacological Inhibition of Calcineurin Blocks LTD. If
calcineurin A« is critical for depotentiation but not LTD, does
calcineurin AB play a role in LTD? To test this idea, we
examined the effect of a calcineurin inhibitor, cyclosporin A,
on LTD in calcineurin Aa mutant mice. Consistent with a
previous report (8), pretreatment with cyclosporin A blocked
LTD in wild-type mice (Fig. 2). Moreover, cyclosporin A also
abolished LTD in mutant mice (Fig. 2b). One explanation of
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Fic. 2. LTD is normal in calcineurin A mutant mice and is
blocked by cyclosporin A. (al) Low-frequency stimulation (1 Hz, 15
min) induced LTD in the CA1 region of the hippocampus from
wild-type mice (open squares; 61.6 = 9.4%, n = 14 slices/10 mice, t =
4.09, P < 0.01 comparing the potential 25 to 30 min after stimulation
to the average of the potential before stimulation) or mutant mice
(filled squares; 63.8 * 12.0%, n = 9 slices from 5 mice, t = 3.02, P <
0.05). (a2) Representative recordings of the EPSP before and 30 min
after low-frequency stimulation in wild-type (upper trace) and mutant
(lower trace) mice. (b) LTD in wild-type and mutant mice was blocked
by cyclosporin A. (bI) Pretreatment with cyclosporin A blocked LTD
in wild-type mice (100.6 * 4.0%, n = 6 slices/4 mice). LTD was not
affected in vehicle-treated groups (open squares, 64.6 * 0.5%,n = 6
slices/4 mice). (b2) Pretreatment with cyclosporin A blocked LTD in
mutant mice (filled squares, 96.6 = 5.1%, n = 6 slices/4 mice). LTD
was not affected in vehicle-treated mutant mice (open squares, 64.5 *
0.4%, n = 6 slices/5 mice). (c) Low-frequency stimulation at 5 Hz did
not affect synaptic transmission. Neither LTP nor LTD was induced
in wild-type (open squares, 94.5 = 14.1%, n = 6 slices/6 mice) and
mutant (filled squares, 103.9 = 5.5%, n = 7 slices/7 mice) mice. (d)
Stimulation at 10 Hz did not affect synaptic transmission. Ten-hertz
stimulation produced neither potentiation nor depression in wild-type
(open squares, 106.1 * 9.7%, n = 11 slices/9 mice) or mutant (filled
squares, 98.1 = 13.0%, n = 8 slices/6 mice) mice.

this result is that calcineurin AB, unlike A«, might be selec-
tively important for hippocampal LTD. However, the present
work cannot completely exclude the possibility that pharma-
cological inhibitors (e.g., FK506 and cyclosporin A) affect
LTD by acting on other target proteins unrelated to cal-
cineurin (15, 25).

LTP and Paired Pulse Facilitation Are Normal in Mutant
Mice. Pharmacological inhibitors of calcineurin can affect
N-methyl-D-aspartate (NMDA) receptor-mediated currents
and the induction of LTP (12, 13, 26, 27). To examine the
involvement of calcineurin A« in LTP, we induced LTP with
a strong tetanic stimulation (two 100-Hz trains) in both
wild-type and mutant mice. This stimulation induced a rapid
and long-lasting enhancement of synaptic response that re-
mained potentiated for at least 1 hour in both wild-type and
mutant mice (P > 0.05) (Fig. 4a). We detected no obvious
abnormality in other aspects of synaptic transmission or simple
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FiG. 3. Depotentiation is abolished in calcineurin Ao mutant mice. (a) Theta frequency stimulation induced depotentiation in wild-type mice.
Strong tetanic stimulation (100 Hz, twice for 1 sec with a 20-sec interval) produced long-lasting enhancement of synaptic response (open squares).
Five-hertz stimulation (3 min) induced long-lasting depression when delivered 5 min after the induction of LTP (filled squares, 91.4 = 12.9%, n =
14 slices/10 mice, t = 5.57, P < 0.01 comparing the potential 25 to 30 min after tetanus with normal LTP without 5 Hz stimulation). (b) Theta
frequency stimulation did not induce depotentiation in calcineurin Aa mutant mice. Strong tetanic stimulation produced similar long-lasting
enhancement of synaptic responses (open squares) as in wild-type mice. However, 5-Hz stimulation only produced a brief depression, but the field
EPSP returned to the potentiated level 30 min later (filled squares, 162.5 * 14.1%, n = 13 slices/7 mice, not significantly different comparing with
LTP without 5-Hz stimulation in slices of mutant mice). (c) Theta frequency stimulation delivered 1 min after LTP induction induced depotentiation
in wild-type mice (open squares, 122.9 = 15.1%, n = 5 slices/5 mice) but not mutant mice (filled squares, 213.6 * 20.5%, n = 7 slices/5 mice,
t = 3.28, P < 0.005 comparing the potential 25 to 30 min after theta frequency stimulation between wild-type and mutant mice). (d) Low-frequency
stimulation (1 Hz, 15 min) induced similar LTD in mutant (filled squares, 130.3 * 6.3%, n = 6 slices/6 mice) and wild-type (open squares, 103.5 +
23.3%, n = 6 slices/5 mice, t = 1.45, not significantly different comparing the potential 25 to 30 min after low-frequency stimulation between

wild-type and mutant mice) mice when delivered at 5 min after the induction of LTP.

short-term form of synaptic plasticity. The NMDA-mediated
EPSPs isolated pharmacologically by using CNQX were not
significantly different in wild-type (» = 6) and mutant mice
(n =17) (P> 0.05, not significantly different comparing the two
groups). Moreover, PTP, short-term potentiation, and paired-
pulse facilitation (PPF) were similar in mutant and wild-type
mice (P > 0.05; Fig. 4). Basal synaptic excitability also was not
affected. The EPSP-volley measured in wild-type (n = 7) and
mutant mice (n = 7) were similar (P > 0.05). Finally (Fig 4c),
we found that LTD was blocked by the NMDA receptor
antagonist AP-5 (100 uM), indicating that this form of LTD
depended on NMDA receptor activation.

Because metabotropic glutamate receptors have been sug-
gested to contribute to depotentiation (28), we also studied the
function of metabotropic glutamate receptors in mutant mice.
We therefore measured the effect of the selective mGluR
agonist tACPD on basal synaptic transmission in both mutant
and wild-type mice. One effect of tACPD on synaptic trans-
mission is through inhibition of voltage-gated calcium channels
by a G protein-coupled process (29). We found that tACPD
(200 wM) produced similar inhibitory effects on synaptic
transmission in mutant mice (n = 7; 49.0 = 7.7% of control)
and wild-type mice (n = 4; 55.6 = 7.3% of control) (P > 0.05;
not significantly different comparing the two groups).

DISCUSSION

In the present study, we have combined genetic and pharma-
cological approaches and have provided strong evidence that

calcineurin A« is required for the generation of depotentiation
in the CA1 region of the hippocampus. These findings support
previous reports that the mechanism of depotentiation is
distinct from that of LTD (9). Although depotentiation re-
quires calcineurin A, our pharmacological data suggest that
LTD might require calcineurin AB. However, we cannot
exclude the potential effects of pharmacological inhibitors on
other target proteins.

Recent studies show that two different forms of LTD exist
in the CAl region of the hippocampus: NMDA receptor-
dependent LTD, which is sensitive to inhibition of protein
phosphatases, and NMDA receptor-independent LTD, which
is resistant to protein phosphatase inhibitors (32). If LTD
studied in the present report is an NMDA receptor-
independent form of LTD, it could be easy to explain why LTD
is not affected in calcineruin Aa-deficient mice. However, we
found that LTD is blocked in the presence of 100 uM AP-5
(Fig. 4e). Therefore, it is clear that we are here concerned with
an NMDA receptor-mediated form of LTD.

Previous pharmacological studies using selective inhibitors
of the cAMP-dependent protein kinase A (PKA) and genetic
studies using PKA RIB- and Cpl-deficient mice (23, 24)
demonstrated that cAMP-PKA signaling pathway plays an
important role in both LTD and depotentiation but not in early
phase LTP (23, 24). The present results provide direct evi-
dence that calcineurin A« is required selectively for depoten-
tiation but not LTD. Thus, these several genetic studies
indicate that LTD and depotentiation have both shared a
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FiG. 4. LTP, PTP, and PPF were not affected in calcineurin Aa mutant mice. (a) Representative recordings of the EPSP before and 50-60
min after strong-tetanic stimulation in wild-type (upper trace) and mutant (lower trace) mice. (b) LTP is normal in calcineurin Ao mutant mice.
Strong tetanus (100 Hz, two 1-sec trains delivered at 20-sec intervals) induced long-lasting enhancement in wild-type (open squares, 196.7 * 12.4%,
n = 9 slices/6 mice, t = 7.80, P < 0.001 comparing the potential 50 to 60 min after tetanus to the average of the potential before tetanus) is similar
to that in mutant mice (filled squares, 203.4 * 19.6%, n = 6 slices/5 mice, t = 5.28, P < 0.01). (¢) PTP and STP induced a single train tetanic
stimulus (100 Hz, 1 sec) and are similar in wild-type and mutant mice. PTP in wild-type (first measurement after tetanic stimulation; 162.1 = 10.7%,
n = 8 slices/4 mice) and mutant (filled squares, 172.5 * 12.4%, n = 8 slices/5 mice) mice were identical. (d) PPF in wild-type mice (open squares)
is similar to that in mutant mice (filled squares). At a 50-msec interval when PPF is at its maximum, PPF was 144.9 = 2.8% (wild-type, n = 11
slices/7 mice) and 142.5 + 3.9% (mutant, n = 17 slices/9 mice). (¢) Low-frequency stimulation (1 Hz, 15 min) failed to induce LTD in the CA1
region of the hippocampus in the presence of 100 uM AP-5, a NMDA receptor antagonist (n = 6, 114.2 £ 20.4% of control, no significant difference
comparing the potential 25 to 30 min after stimulation to the average of the potential before stimulation). (Inset) Representative recordings of the
EPSP before and 30 min after low-frequency stimulation in the presence of AP-5.
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